g RUNX1 is known to be an essential transcription factor for generating hematopoietic stem cells (HSC), but much less is known about its role in the downstream process of hematopoietic differentiation. RUNX1 has been shown to be part of a large transcription factor complex, together with LDB1, GATA1, TAL1, and ETO2 (N. Meier et al., Development 133:4913-4923, 2006) in erythroid cells. We used a tagging strategy to show that RUNX1 interacts with two novel protein partners, LSD1 and MYEF2, in erythroid cells. MYEF2 is bound in undifferentiated cells and is lost upon differentiation, whereas LSD1 is bound in differentiated cells. Chromatin immunoprecipitation followed by sequencing (ChIP-seq) and microarray expression analysis were used to show that RUNX1 binds approximately 9,000 target sites in erythroid cells and is primarily active in the undifferentiated state. Functional analysis shows that a subset of the target genes is suppressed by RUNX1 via the newly identified partner MYEF2. Knockdown of Myef2 expression in developing zebrafish results in a reduced number of HSC.
T
he transcription factor RUNX1 (Aml1 or Cbf␣2) is known to be important for the development of the hematopoietic system in mammals. It is part of a small family of core binding transcription factors with RUNX2 (Aml3 or Cbf␣1), RUNX3 (Aml2 or Cbf␣3) and CBF␤. RUNX1 was first discovered as a homologue of the Drosophila segmentation gene runt. The RUNX1 protein binds DNA at the consensus sequence (TC)G(TC)GGT(TC) (3, 7) . Several studies have shown that RUNX1 is important for the emergence of hematopoietic stem cells (HSC). The Runx1 knockout (KO) mouse does not develop the definitive hematopoietic system (29, 33, 50) and has minor defects in the primitive hematopoietic system (57) . The RUNX proteins form a heterodimer with CBF␤ that enhances the binding to DNA. This dimerization is important for the function of RUNX1, which is confirmed by the Cbf␤ KO mouse also lacking definitive hematopoietic development (39, 51) .
It is known that RUNX1 has an important function in the development of macrophages (18) and megakaryocytes (9, 14, 35, 47, 56) after the emergence of the definitive HSC, but very little is known about its role in other lineages. A conditional knockout shows, however, some defect in the differentiation of erythrocytes. In one model, erythrocytes show a significantly higher number of Howell-Jolly bodies probably resulting from hyposplenia (36) . Another model showed an increase in the ratio of maturing myeloid to erythroid cells compared to controls (15) . A recent study has shown that RUNX1 is also important in primitive erythropoiesis (57) . Defects were found in the morphology and Ter119 expression of primitive erythrocytes lacking RUNX1. Finally, RUNX1 homologues are also required for definitive erythropoiesis in nonmammalian vertebrates (21, 48) . However, none of these studies shed much light on the molecular function of RUNX1. It is known that RUNX1 forms a repressive complex with mSIN3a in hematopoietic stem and progenitor cells (41) and in macrophages (18) , but nothing is known about the complex(es) it forms at later stages of differentiation.
Here we characterized the function of RUNX1 in adult erythropoiesis. RUNX1 was found to be present in a complex containing essential regulators of erythropoiesis such as LDB1, GATA1, and TAL1 (24) . Next, novel protein partners and target genes were identified using mass spectrometry and chromatin immunoprecipitation followed by sequencing (ChIP-seq). A number of these RUNX1 target genes are important for erythropoiesis, and we show that RUNX1 regulates these genes via MYEF2, a repressor previously unknown to be active during erythropoiesis. Importantly, morpholino knockdown of Myef2 or Runx1 in zebrafish results in reduced numbers of HSC, suggesting that these two factors also interact in vivo to regulate hematopoiesis.
MATERIALS AND METHODS
Tagging Runx1 construct. An NheI restriction site was inserted into the cDNA of the large Runx1 isoform to remove the first ATG and allow insertion of the tag. The Bio-V5 double tag was ligated into the NheI site to create N-terminally tagged Runx1 cDNA (2, 8, 23, 43) . The tagged Runx1 cDNA was cloned into the NotI site of a Gata1 promoter-based expression vector (28, 34, 46) .
Cell culture. Mouse erythroleukemia (MEL) cells were cultured in Dulbecco modified Eagle medium containing 10% fetal calf serum and 1% penicillin-streptomycin. The addition of 2% dimethyl sulfoxide (DMSO) was used to induce erythroid differentiation. Cells were harvested after 4 days of differentiation.
Immunoprecipitations. N-terminally tagged Runx1 cDNA was stably expressed in MEL cells containing the bacterial biotin ligase BirA (6) . Nuclear extracts and immunoprecipitations (IPs) were prepared as described previously (6, 37, 43) . Bio-V5-RUNX1 IPs from nuclear extracts were performed using V5 affinity agarose beads from Sigma. The antibodies used in the present study are listed elsewhere (http://www.erasmusmc .nl/47738/185891/973174/3784765/mcb2012). Washes were performed using HENG150 (150 mM KCl, 20 mM HEPES, 20% glycerol, 0.25 mM EDTA, 0.05% NP-40). IPs were performed in the presence of benzonase endonuclease to exclude the identification of complexes formed via DNA binding.
ChIP and ChIP-seq sample preparation. ChIP analyses were performed as described previously (23, (43) (44) (45) . For ChIP 2 ϫ 10 7 MEL cells and for ChIP-seq 1 ϫ 10 7 MEL cells were used. The antibodies and primers used for ChIP are described in detail elsewhere (http://www .erasmusmc.nl/47738/185891/973174/3784765/mcb2012).
RNAi in MEL cells. The TRC Mission human and mouse library from Sigma was used for shRNA mediated knockdown of proteins of interest. They were delivered to MEL cells via lentiviral transduction. Virus was added to 0.5 ϫ 10 6 MEL cells that were cultured for 48 h. Puromycin was added, and nuclear extracts and/or total RNA were prepared 48 h later. For induced MEL cells, DMSO was added to the medium, together with the puromycin, and the cells were harvested 4 days later.
Zebrafish morpholino injections. Fish were bred and maintained as described previously (26, 52) and staged as described previously (22) . Morpholino-oligonucleotides (MOs; obtained from Gene Tools, LLC, Oregon) were designed to target splice junctions in the un-spliced Myef2 mRNA. Myef2 MO 5=-CTCACCAACTACATGAGACATACAA-3=, targeting the intron2-exon3 junction, affected the Myef2 mRNA efficiently. Typically, 1 nl of Myef2 MO (6.5 ng/nl) was injected into one-to two-cellstage embryos. Uninjected zebrafish embryos were used as a wild-type control. The knockdown efficiency was verified by PCR using wild-type and MO-injected embryo cDNAs with the following gene-specific primers: Myef2-F (CAGAACCAAGACGACACGAA) and Myef2-R (CGATG GATGGAGGAATGTTT). Primers against the ef1␣ gene (forward, GGC CACGTCGACTCCGGAAAGTCC; reverse, CTCAAAACGAGCCTGGC TGTAAGG) were used as a loading control for the PCR. Uninjected zebrafish were used as a wild-type control.
Whole-mount in situ hybridization. Whole-mount in situ hybridization was carried out as described previously (20) . Digoxigenin-labeled antisense RNA probes were transcribed from linearized templates using T3, T7, or Sp6 RNA polymerases (Roche, Burgess Hill, United Kingdom). After hybridization, the embryos were bleached as required in 5% formamide-0.5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-10% H 2 O 2 for 10 to 30 min, washed in PBST (phosphate-buffered saline, 0.1% Tween 20) , and transferred to 80% glycerol for imaging.
Computational analysis of microarray and ChIP-seq data. The bioinformatics analysis and visualization of the microarray and ChIP-seq data were carried out as described previously (43, 44) . Expression levels were normalized and fitted with Bayesian linear regression model for discovery of differentially expressed genes. The ChIP-seq data were filtered to correct for PCR bias, low sequencing quality, assignment to chromosomes of no interest, and nonunique mapping during the read alignment. Peaks were called for the continuous genomic regions of at least five reads (a false discovery rate [FDR] of Ͻ0.05) and having a fold change 5-fold higher than that of the control. The detected peaks were assigned to the closest genes, following the intersection of the two data sets, which was performed to ensure that genes taken for later analysis have been both differentially expressed and significantly enriched in two independent experiments (1, 19) . Accession numbers. ChIP data were deposited in the European Nucleotide Archive under accession no. ERP001491. RNAi data were deposited in the ArrayExpress repository under accession no. E-MTAB-1171.
RESULTS
Tagging Runx1 and generating stable MEL cell lines. It was previously shown that RUNX1 interacts with the essential transcription factors TAL1 and LDB1 and binds overlapping sites genomewide in hematopoietic cells (17, 24, 54) . From those experiments it was not clear whether RUNX1 is an integral member of the complexes or a cooperating factor binding in close proximity to the LDB1 complex. We thought to resolve this question by determining first which genes or sequences are targeted by the RUNX1 protein. For this purpose and allowing the purification of complexes formed by RUNX1, a Bio-V5 tag was inserted at the N terminus at the 5= end of the Runx1 cDNA starting from the initiation of translation site of the distal promoter (Fig. 1A) . The cDNA was stably expressed in BirA-expressing MEL cells (6) using a Gata1 promoter-based expression vector. Several clones were tested to avoid problems of overexpression artifacts, and clone 7 was chosen because it gave low Bio-V5-RUNX1 expression close to the endogenous levels (Fig. 1B ). Clone 7 also grew normally under noninduced or induced (2% DMSO) tissue culture conditions compared to nontransfected MEL cells. Figure 1B also shows that the IP of Bio-V5-RUNX1 is efficient because it is almost absent in the supernatant of the IP.
Murine genome-wide RUNX1 DNA binding sites. The Bio-V5-tagged version of RUNX1 was subsequently used to identify the genome-wide DNA binding sites of RUNX1 by ChIP, followed by high-throughput sequencing (i.e., ChIP-seq). Surprisingly, biotinylation of Bio-V5-RUNX1 by BirA was inefficient (data not shown), and hence a V5 antibody was used for the ChIP analyses. The Runx1 ϩ23.5 enhancer was used as a positive control for the ChIP to show that the Bio-V5 tagged RUNX1 and endogenous RUNX1 were bound to this enhancer (30) (see also Fig. S1 at http://www.erasmusmc.nl/47738 /185891/973174/3784765/mcb2012). A total of 13 million unique reads were mapped to the mouse genome, and the genome-wide binding sites were combined with microarray data of differentially expressed genes to show their distribution around genes up-and downregulated in differentiating MEL cells (44) . Figure 2A shows the position of RUNX1 binding relative to the transcriptional start site (TSS) of differentially expressed genes on the x axis versus the fold expression change during erythroid differentiation on the y axis. All genes that have a RUNX1 peak in close proximity in MEL cells are shown in Tables S1 and S2 at the URL above. A Venn diagram with the overlap of RUNX1 binding sites in noninduced and induced MEL cells and hematopoietic progenitor cells can be found in the supplemental online data. This analysis shows that the majority of RUNX1 binding sites between induced and noninduced MEL cells are the same. The nonoverlap with the hematopoietic progenitor cells (54) is much larger, indicating that there is a very substantial difference in the number of targets (see Fig. S2A at the URL above).
The result shows that RUNX1 binds to a significant number of genes that are up or downregulated upon differentiation in noninduced and induced MEL cells, many of which are involved in erythroid differentiation, such as Cbfa2t3 (Eto2), Gata1, and Zfpm1 (Fog1) (see Table S1 at http://www.erasmusmc.nl/47738 /185891/973174/3784765/mcb2012). Induced cells show less binding of RUNX1 to upregulated genes, although the overall binding pattern hardly changes ( Fig. 2A) .
A motif discovery analysis of 200 bp around RUNX1 binding peaks shows a GATA1 binding motif to be present at 74% of these peaks (Fig. 2B) . Cooperative binding of RUNX1 and GATA1 was previously observed in megakaryocytes (35) . A typical LDB1 complex binding motif composed of a GATA motif neighbored by a (partial) E-box (TAL1 binding) 7 to 8 bases upstream was found in 59% to be closely associated with RUNX1 binding sites. This confirms the original observation that RUNX1 associates with the GATA1/LDB1/TAL1 complex (24, 47) . The overlap between RUNX1 and the GATA1/LDB1/TAL1 complex in noninduced and induced MEL cells is seen in Fig. S2 and Table S2 (http://www .erasmusmc.nl/47738/185891/973174/3784765/mcb2012). RUNX1 binding to erythroid specific genes. To verify the binding to regulatory elements of important or typical hematopoietic genes, we checked binding to the genes Gata1, Cbfa2t3 (Eto2), and Epb4.2. GATA1 is an important regulator of erythropoiesis and essential for terminal differentiation (reviewed in reference 4). ETO2 was shown to be part of the GATA1/LDB1/TAL1 complex in erythroid cells (11, 13, 24, 44) , and its absence causes an erythroid phenotype in mice (5) . Both the transcription factors Gata1 and Cbfa2t3 (Eto2) genes were top hits in the RUNX1 ChIP-seq data. Band 4.2 (Epb4.2) is a structural membrane protein of erythrocytes that is highly upregulated in differentiating erythroid cells (reviewed in reference 40).
RUNX1 binds to the promoter region of Gata1, Cbfa2t3 (Eto2), and Epb4.2 and to the upstream erythroid HS3.5 enhancer of Gata1 (Fig. 3) . This binding is observed in both noninduced and induced MEL cells. No binding was observed in the negative controls, the 3= untranslated region (3=UTR) of the Gata1 and Epb4.2 genes, and 2 kb downstream of the Cbfa2t3 (Eto2) promoter. Figure S3 (http://www.erasmusmc.nl/47738/185891/973174 /3784765/mcb2012) shows all of the RUNX1 binding sites and their sequences identified via ChIP-seq at the Gata1, Cbfa2t3 (Eto2), and Epb4.2 genes. Many of these sites are conserved in human megakaryocytes (47) .
Knockdown of Runx1 shows a function as both a transcriptional repressor or activator. In order to determine which of the genes found by ChIP-seq are real targets of RUNX1, five different Runx1 shRNAs (shRunx1#1 to shRunx1#5) were tested in MEL cells. Western blots of nuclear extracts showed that only shRunx1#1 and shRunx1#2 transduction resulted in a partial knockdown (KD) of RUNX1 protein (see Fig. S4 at http://www.erasmusmc.nl/47738 /185891/973174/3784765/mcb2012) and mRNA (Fig. 4A ) in MEL cells versus the control shTRC. The genome-wide expression obtained by microarray analysis from Runx1 KD in noninduced and induced MEL cells (see Tables S3 and S4 at the URL above) were then correlated to the RUNX1 ChIP-seq data to identify RUNX1 target genes (Fig. 5) . The analysis before differentiation identified sets of genes that are up-or downregulated as a result of the RUNX1 KD, which suggests that RUNX1 can function both as an activator and repressor in erythroid cells. after the RUNX1 KD (e.g., Cbfa2t3 [Eto2] and Gata1 [ Fig. 4A]) , which is probably due to the fact that the KD is only partial. However, others, such as Ebp4.2 (Fig. 4A) , are very sensitive to the level of RUNX1 and show a dramatic increase in expression, suggesting that RUNX1 is a major repressor of such genes in undifferentiated cells. In differentiated cells much fewer genes are affected and to a lower extent, which correlates with a decrease of RUNX1 binding. A number of the genes that are suppressed by RUNX1 in the undifferentiated cells are part of different signal transduction pathways that involve the coreceptor CSF2RB affecting interleukin-3 (IL-3), IL-5, IL-9, and CSF2 signaling, and IL-9R, which are all involved in hematopoietic differentiation and, importantly, EpoR, required for red cell expansion (see Table S1 at http://www .erasmusmc.nl/47738/185891/973174/3784765/mcb2012). Several cell cycle regulators (e.g., p21 and cyclin E) are also suppressed by RUNX1. We therefore conclude that RUNX1 plays an important role in erythroid development up to the final differentiation steps. Interestingly, NF-B, which regulates among other processes proliferation and apoptosis, is positively regulated by RUNX1.
Our previous results show that the GATA1/TAL1/LDB1 complex acts mainly as an activator in late erythroid differentiation. Recent data (E. Soler et al., unpublished data) show that this activation is primarily achieved through the release of repression in the differentiated cells. RUNX1 may be an important player in this regulation by suppression. The overlap in binding of RUNX1 with GATA1 and TAL1 binding is highest in genes repressed by RUNX1 (see Table 2 ), which is consistent with the role of the GATA1/TAL1/LDB1 complex in undifferentiated cells. We were therefore interested in determining whether RUNX1 binds any protein partners not found in the LDB1 complex that may have a repressive role.
Proteomics identification of RUNX1 protein partners. Single-step purifications of Bio-V5-RUNX1 complexes were used with V5-agarose beads and the resulting proteins analyzed by liquid chromatography-tandem mass spectrometry. Control V5-Immunoprecipitations were performed in BirA-MEL cells not containing the Bio-V5-RUNX1 vector. The mass spectrometry data (Table 1) show the proteins that were pulled down specifically in the Bio-V5-RUNX1-containing cells. As expected, a number of known RUNX1 partners were found such as CBF␤, GATA1, ETO2, and TAL1 (9, 24, 31, 32, 56) , confirming that the tagged RUNX1 forms the appropriate complexes and is indeed associated with the LDB1 complex in erythroid cells. However, a number of novel potentially repressing proteins or complexes were also identified, in particular LSD1, a histone-modifying enzyme, and MYEF2, a factor previously only described in myelinating cells (16) .
The LSD1 complex was found to bind in differentiated cells only. It contains LSD1, GFI1b, and CoREST and has been shown to be important in hematopoiesis (17, 38) . LSD1, the first histone demethylase identified in mammals, demethylates H3K4 to enable gene repression (10, 42) . However, recent evidence showed that LSD1 can also function as an activator by demethylating H3K9 via an as-yet-unknown mechanism (12, 25, 55) . The RUNX1-LSD1 interaction was validated by immunoprecipitations using antibodies against endogenous LSD1 (see Fig. S5 at http://www .erasmusmc.nl/47738/185891/973174/3784765/mcb2012) and confirmed that the proteins were mainly interacting in differentiating cells.
Myelin expression factor 2 (MYEF2) was a better potential repressor to function with RUNX1 in undifferentiated cells as it was mostly identified in undifferentiated cells (Table 1 ). This factor was not known to be expressed or to form complexes in hematopoietic cells and had previously only been identified as a repressor of the mouse myelin basic protein gene binding DNA directly (16) . It contains two RNA recognition motifs (RRM) that have been shown to be responsible for binding to DNA (27) . The binding of MYEF2 in undifferentiated cells was confirmed using the tagged RUNX1 protein ( Fig. 6 ; see also Fig. S6 at http://www .erasmusmc.nl/47738/185891/973174/3784765/mcb2012). The binding of MYEF2 to endogenous RUNX1 using an antibody IP showed only a weak band, due to the poor quality of the antibody, which results in an inefficient RUNX1 endogenous IP. Alternatively, the antibody may interfere with the epitopes also recognized by MYEF2. The V5-IP shows that the RUNX1-MYEF2 complex is primarily present in noninduced MEL cells and almost absent in induced cells. The reverse IP for MYEF2 with the antibodies currently available failed, and we were unable to tag the N or C terminus of MYEF2 successfully. It should be noted that even though the IPs are all performed in the presence of benzonase, which cleaves DNA and RNA, it cannot be excluded that the interaction between MYEF2 and RUNX1 is facilitated via DNA.
Knockdown of Myef2 mimics the knockdown of Runx1. Figure 4B shows that the two shRNA vectors against Myef2 transcripts result in a KD of 50% or more in the undifferentiated MEL cells. This results in increased expression of the Runx1, Cbfa2t3 (Eto2), and Gata1 genes, suggesting that RUNX1 indeed represses these genes via MYEF2. However, the transcripts of Epb4.2 were much less dramatically increased compared to the RUNX1 KD, confirming that factors other than MYEF2 are also important for the repression of this particular gene, e.g., Cbfa2t3 (Eto2) KD gives a 6-fold upregulation of Ebp4.2 (44) . We next thought to determine whether MYEF2 binds to the same sites as RUNX1; however, all available antibodies are not of ChIP-grade quality. As mentioned above, a tagging approach at the N or C terminus of MYEF2 also failed, suggesting that the termini are important for the struc- ture and/or stability of the protein. Nevertheless, we conclude that RUNX1 has a suppressive role before induction and that this role is mediated via MYEF2 because we frequently observed MYEF2 binding sites in association with RUNX1 binding sites (see Fig. S3A to C at http://www.erasmusmc.nl/47738/185891/973174 /3784765/mcb2012). In order to at least test in vitro whether the two factors associate with an oligonucleotide from the Gata1 HS3.5 enhancer was used to show that both RUNX1 and MYEF2 bind these sequences (see Fig. S7 at the URL above). When either the RUNX1 or the MYEF2 binding site is mutated the binding is lost, suggesting cooperative binding.
Myef2 morpholino injections in zebrafish show a hematopoietic phenotype. Factors associated with a complex in undifferentiated cells in vitro often already have a role much earlier in hematopoietic development (24) . We therefore carried out Myef2 knockdown experiments in zebrafish. Myef2 MO was injected into the zebrafish one-cell-stage embryos, which resulted in a Myef2 knockdown. The Myef2 MO induces missplicing of the intron2-exon3 junction, as shown by the appearance of an extra band in the PCR analysis of Myef2 morphant cDNA and a reduction in the wild-type band (Fig. 7A) . This extra band is misspliced mRNA lacking exon 3 and containing a frameshift mutation that is not translated into functional protein, thus knocking down Myef2.
mRNA levels of a number of hematopoietic genes expressed in developing zebrafish were visualized by in situ hybridization. Runx1 and Gata1 mRNA were assessed 20 h postfertilization (hpf), which is the period of time that the primitive hematopoietic system develops. Figure 7B shows that the levels of Gata1 and Runx1 mRNA are unchanged in the primitive hematopoietic system in the MO-injected zebrafish compared to the wild type. However, a clear defect in definitive hematopoiesis is observed at later stages by a decreased expression of Runx1 (Fig. 7C) . To determine whether this downregulation corresponded to a decrease in HSC and their derivatives, we analyzed the expression of cMyb and Gata1 in the CHT 4 days postfertilization (dpf), which mark HSC/definitive progenitors and definitive erythroid cells, respectively (Fig. 7C) . The expression of both cMyb and Gata1 was severely reduced in the CHT of Myef2 morphants at 4 dpf. In addition, expression of Ikaros and Rag1 in the thymus indicative of the presence of HSC-derived T-cell progenitors (49, 53) was absent in Myef2 morphants. Vascularization and the development of the pronephric duct is unaffected in the MO-injected zebrafish (data not shown). Taken together, these results indicated that Meyf2 is required for HSC emergence, probably as part of a complex that includes RUNX1 Furthermore, knockdown of MYEF2 partners in zebrafish also show a reduction in HSC (21; C. Andrieu-Soler et al., unpublished data).
DISCUSSION
RUNX1 is an essential regulator in the emergence of the HSC. However, the role of RUNX1 beyond HSC formation and maintenance in erythroid cells was poorly understood. In the present study, a previously unknown role of RUNX1 in erythropoiesis is uncovered by showing that it acts as a repressor of a number of erythroid genes via the repressor protein MYEF2. Using morpholinos in zebrafish, we show this factor to be of general importance in hematopoiesis. The y axis shows the log 2 fold change in expression after Runx1 KD. A negative log value therefore represents genes activated by RUNX1, whereas a positive value represents genes suppressed by RUNX1. The size of the bubble is proportional to the number of ChIP-seq reads (peak height), which is a relative measure of binding. Brown bubbles represent genes with promoters not overlapping CpG regions, and green bubbles represent bound genes with promoters overlapping CpG regions.
RUNX1 was recently shown to regulate corepressor interactions of PU.1 in macrophage differentiation (18) . RUNX1 was already known to have a function in the development of megakaryocytes, which develop from the same progenitor cell as erythroid cells and where RUNX1 also functions as a repressor (reviewed in reference 14). The complex of RUNX1 and GATA1 has been described in megakaryocytes (9, 56) , but it is not clear what function it has during megakaryocytic development and whether a complex is formed with LSD1 or MYEF2. Two recent genomewide studies again show the RUNX1-GATA1 complex to be important for megakaryocytic development (35, 47) . It therefore appears that RUNX1 is not only important for the formation of stem cells but that it is an important suppressive regulatory factor in (a number of) the downstream myeloid cells.
The interaction of RUNX1 with LSD1 was confirmed in erythroid cells via co-IP with antibodies against RUNX1 and LSD1 in both noninduced and induced cells. However, the LSD1 interaction is only significantly seen in induced MEL cells, suggesting that the interaction between RUNX1 and LSD1 is possibly only needed at terminal differentiation of these cells. We did not analyze the function of LSD1 in the context of RUNX1 any further, because LSD1 also interacts with other members of the GATA1/LDB1/ TAL1 complex (Soler et al., unpublished) . The interaction of RUNX1 with MYEF2 was picked up by mass spectrometry in noninduced and induced cells, although this interaction is much stronger in noninduced cells. MYEF2 was unknown to play a role in the hematopoietic system since it had only been observed as a suppressor factor in myelinating cells (16) . Its role in the hematopoietic system was confirmed by the phenotype observed in the development of the definitive hematopoietic system in zebrafish injected with MO against Myef2 mRNA. Strikingly, no phenotype could be seen in the development of the primitive hematopoietic system similar to what is observed in Runx1 knockout mice and zebrafish knockdown studies (21, 29, 33, 50) . We conclude that the number of definitive HSC is lower due to improper RUNX1 function via MYEF2.
The genome-wide correlation of RUNX1 ChIP-seq and KD suggests that RUNX1 acts as a repressor and an activator in MEL cells. The complex that would be in part responsible for gene repression is RUNX1-MYEF2. The in vitro binding data suggest that RUNX1 and MYEF2 can bind independently from the GATA1 complex, but that they facilitate each others binding. Like the GATA1/TAL1 complex, this complex is important for the repression of a number of erythroid genes in undifferentiated cells. Most RUNX1 target genes show a doubling of expression after the RUNX1 KD, such as Gata1 and Cbfa2t3 (Eto2). Others, such as Ebp4.2, show a dramatic increase in expression. This suggests that RUNX1 is a repressor of a number of genes in undifferentiated cells but that partners other than MYEF2 (such as Eto2) may also be very important for suppression. It is in fact difficult to determine what the contribution of MYEF2 is to the inhibition of Ebp4.2 since the MYEF2 KD activates Eto2, which itself is a suppressor of Ebp4.2. Thus, two opposite effects are created: the release of suppression by MYEF2 and an increase of suppression by ETO2. This suggests that MYEF2 plays an important role in the maintenance of the correct balance of the quantity of ETO2 prior to terminal differentiation. This would confirm the earlier observation by Goardon et al. (13) that the overexpression of ETO2 leads to an inhibition of differentiation through extended inhibition. In addition, the frequent colocalization suggests that RUNX1 has a role with the GATA1/LDB1/TAL1 complex to suppress the late differentiation program in undifferentiated cells (Table 2; see  also Table S3 and Fig. S2 at http://www.erasmusmc.nl/47738 /185891/973174/3784765/mcb2012). Perhaps most interesting is the regulation of a number of receptors by RUNX1, notably the CSF2RB, IL-9R, and EpoR and the cell cycle regulators p21 and cyclin E. All of these genes show very good binding sites close to or inside the genes, suggesting that they are direct targets of RUNX1 (e.g., CSF2RB) (see Table S2 at the URL above).
RUNX1 may be even more essential for stress erythropoiesis. For example, ETO2 is important for erythropoiesis in vitro (13, 24, 44) and stress erythropoiesis in vivo (5) . Unfortunately, we were unable to study the role in erythropoiesis of RUNX1 in fetal liver cells due to insufficient KD efficiencies.
In summary, we report here a novel function of the RUNX1 protein in erythroid development. It acts as a repressor of important erythroid genes such as Cbfa2t3 (Eto2), Gata1, and Epb4.2. The repression of these genes is mediated at least in part via MYEF2, which we show to be a novel binding partner of RUNX1. The repressive function of RUNX1 and the complex binding with MYEF2 are lost during differentiation. This suggests that RUNX1 also has a late role in hematopoiesis by keeping erythroid cellspecific genes repressed before terminal differentiation. 
